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O adsorption and incipient oxidation of the Mg„0001… surface
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First-principles density-functional calculations are used to study the early oxidation stages of the Mg~0001!
surface for oxygen coverages 1/16<Q<3 monolayers. It is found that at very low coverages O is incorporated
below the topmost Mg layer in tetrahedral sites. At higher oxygen load the binding in on-surface sites is
increased but at one monolayer coverage the on-surface binding is still about 60 meV weaker than for
subsurface sites. The subsurface octahedral sites are found to be unfavorable compared to subsurface tetrahe-
dral sites and to on-surface sites. At higher coverages oxygen adsorbs both under the surface and up. Our
calculations predict island formation and clustering of incorporated and adsorbed oxygen in agreement with
previous calculations. The calculated configurations are compared with results from angle-scanned x-ray pho-
toelectron diffraction experiments to determine the geometrical structure of the oxidized Mg~0001! surface.
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I. INTRODUCTION

The process of oxidation of metal surfaces is of consid
able fundamental scientific interest as well of paramo
technological importance.1 Corrosion and passivation are ju
two examples of either destructive or useful processes lin
directly to this phenomenon, which are well known fro
everyday life. Oxidation of metal surfaces begins with dis
ciative chemisorption of oxygen on a clean surface and
followed by the formation of a film of metal oxide. In be
tween these events there are many elementary processes
study of Al and Mg oxidation is particularly important be
cause Al and Mg belong to the group of so-called sim
metals and are considered model systems for studies of
dation of transition metals. Both metals exhibit high react
ity with oxygen and oxidize rapidly. Aluminum oxides~alu-
mina! form several different phases where the structure
some of them was only recently identified by combinedab
initio density-functional theory~DFT! and experimenta
studies.2 Magnesium oxide is known to eventually form cry
tals of the rocksalt structure,3 but can also experience com
plex reconstructions at partial coverages.4,5 Both Mg and Al
oxides play an important role in catalyst support and fi
many other useful applications.

The number of experimental5–15studies and theoretical4,16

treatments devoted to the oxidation of magnesium is r
tively limited compared to the more extensively studied o
dation of aluminum. In this paper we present a system
study of the initial oxygen incorporation and island form
tion by first-principles theory calculations and we use
results to interpret high-quality x-ray photoelectron diffra
tion ~XPD! measurements for low O2 doses.

The existing picture of the Mg~0001! surface oxidation
processes dates back to the early 1980s. Based on the e
sive low-energy electron diffraction~LEED!, Auger electron
spectroscopy, electron energy-loss spectroscopy, and w
function measurements Nambaet al. proposed6 a four-stage
model consisting of:~1! dissociative oxygen chemisorptio
0163-1829/2004/69~11!/115431~8!/$22.50 69 1154
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at random sites followed by oxygen incorporation,~2! as-
sembly of incorporated oxygen atoms into islands and lat
growth,~3! oxide formation from surface Mg atoms and su
surface O atoms which starts at O2 exposures around 2–3 L
~Langmuir! or 0.5–1 monolayer of total coverage, and~4!
oxide thickening. Several other experimental studies p
vided arguments for a three-stage model of oxidation t
was proposed at approximately the same time. In t
model9,10 atomic oxygen is directly incorporated into magn
sium ~below the top Mg layer! right after on-surface disso
ciation. In the next step there is simultaneous formation of
oxide layer and a decrease in the oxygen on the surfac10

Finally, there is oxide thickening and transformation into
rocksalt structure.

This model of immediate incorporation of oxygen gain
support from the x-ray photoelectron spectroscopy study
Ghijsenet al.,7 and particularly from the measured sharp d
crease in the work function of the Mg~0001! surface upon
initial O exposure.8 The formation of an O-(131) subsur-
face layer up to monolayer coverage and its subsequ
transformation into epitaxial oxide was also reported.8 The
positions of the subsurface oxygen atoms were deduced t
octahedrally coordinated where the oxygen has an envi
ment similar to that in MgO.10 This is in agreement with a
more direct experimental evidence for oxygen incorporat
in the octahedral interstitial sites of the first two interlay
spacings of Mg during the initial stages of magnesiu
oxidation,11 and with later inelastic ion scattering exper
ments on a polycrystalline Mg surface.14,15A recent scanning
tunneling microscopy~STM! study of the oxidation of
Mg~0001! suggests that at low oxygen exposures~up to 2 L!
the incorporated oxygen atoms form a single layer und
neath the top layer of Mg.5 The idea of immediately popu
lated subsurface sites seems also to be supported by re
measurements by Mitrovicet al.,12 however, they show tha
most of the oxygen~90%! remains over the surface and on
a small fraction goes below the surface. Thus, the ques
©2004 The American Physical Society31-1
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regarding the most favored adsorption sites is still deba
and requires further analysis.

On the theoretical side, the local-density-functional the
~DFT! calculations of Bungaroet al.16 show that oxygen is
incorporated forming a (131) subsurface lattice. A recen
DFT-based lattice gas model study4 of island formation in
the early Mg~0001! oxidation stages has shown that at ve
low filling the oxygen atoms adsorb in the top-most subs
face ~tetrahedral! B sites in an ABAB . . . stacking of mag-
nesium. At higher oxygen load also the deeper sites
filled, and the adsorbed oxygen atoms form dense clus
just below the surface and in further subsurface locations4,16

For larger clusters the oxygen-oxygen interaction effe
drive the oxygen atoms further into the magnesium sub
face layers and bulk.

The rest of this paper is organized as follows. In Sec
systematic DFT calculations in the range of coverages
tween 1/16 and 3 monolayers~ML ! are presented. In Sec. II
we describe our high-quality XPD measurements for low2
doses, and in Sec. IV our DFT results are used to inter
the experimental XPD data.

II. THEORY

The calculations are carried out using the plane-w
density-functionalDACAPO code17 with the generalized gra
dient approximation~GGA! for the exchange-correlation en
ergy functional18 and with ultrasoft pseudopotentials19 to
represent the ionic cores. The clean Mg~0001! surface is
modeled by periodic slabs consisting of six to seven mag
sium layers separated by 21 Å of vacuum. The plane-w
basis set with 25 Ry energy cutoff is used. This slab thi
ness, amount of vacuum, and the chosen energy cutoff
shown to give well-converged binding-energy values. The
atoms are adsorbed on one side of the slab only and
electric field arising due to the asymmetry of the syst
is compensated for by a consistent dipole correction.20,21

A 43431 mesh of Monkhorst-Pack specialk points for the
434 atom surface unit cell and a Fermi-surface smearing
0.2 eV are applied to the Brillouin-zone integrations. F
smaller cells the number ofk points are increased accord
ingly up to a 1631631 mesh for the 131 surface unit cell.
The positions of atoms in the three to four topmost mag
sium layers, and of all the oxygen atoms, are fully optimiz
until the sum of the Hellmann-Feynman forces on all unc
strained atoms converges to less than 0.05 eV/Å. The fo
acting on the ions in the unit cell are derived from the co
verged charge densities, and the atom dynamics is d
mined using a preconditioned quasi-Newton method ba
on the Broyden-Fletcher-Goldfarb-Shanno algorithm.22

The calculated lattice constants for hcp Mg isa
53.19 Å andc/a51.64, which agree very well with the
experimental values 3.21 Å and 1.623~Ref. 23! and other
GGA calculations.24 The bulk modulus, ignoring lattice vi
brations, is found to be 34.1 GPa,25 in good agreement with
the measured value 35.5 GPa~obtained from the elastic con
stants of Ref. 26! and with the GGA calculations of Ref. 24

For the bare-metal surface the relaxations of the interla
spacing with respect to the bulk spacing show 1.5% exp
11543
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sion, 0.4% contraction, and 1.3% contraction of the fir
second, and third interlayer distance, respectively. The
pansion of the first interlayer distance compares well w
the experimental27 value of 1.7%, and with other GGA
calculations.24 The small contraction of the second spaci
disagrees with a small expansion predicted by experim
and other calculations. Since the magnitude of this relaxa
is very small this discrepancy should not have any signific
effect on the results for O adsorption. The calculated w
function is 3.72 eV for the relaxed surface and agrees w
with the experimental value 3.84 eV.28

A. Low coverages„QÏ0.5… of oxygen

The locations of the possible on-surface and subsurf
adsorption sites of Mg~0001! considered in our calculation
are sketched in Fig. 1. The results for single or neare
neighbor pairs of O atoms adsorbed at the 434, 232, and
132 surface cells were used as 1/16, 1/8, 1/4, and 1/2
coverage data.

In Fig. 2 we present the low-coverage binding energ
calculated relative to the energy of an isolated, sp

FIG. 1. Sketch of the adsorption sites of oxygen at low cov
age. The positions indicated by crosses to the left are the adsor
sites at 1/16 ML single O-atom adsorption.

FIG. 2. The calculated low-coverage binding energies for diff
ent adsorption sites as indicated in Fig. 1. For 1 ML coverage
B2 site is replaced by the slightly on-surface site B2top. For c
eragesQ<0.5 ML the only stable on-surface site isC1.
1-2
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polarized O2 molecule and the clean, relaxed Mg surfac
The convergence tests with respect to the size of unit cell
the number ofk points show that the error bars for the bin
ing energy do not exceed 10 meV. The positional change
the Mg atoms induced by adsorption of oxygen are in m
cases not very large. For the 232 supercell with a single O
atom slightly below the surface~site B2 in Fig. 1! or in
first-sublayer adsorption sites~sites A4 or A5! the Mg atoms
move less than 3% vertically and 0.6% laterally from th
clean-surface positions. To estimate the sensitivity of
binding energy to positional relaxations of the atoms we a
calculated the binding energy of an even distribution of fo
O atoms in the tetrahedral subsurface sites B2 in the 434
system, and of one site-B2 atom in the 232 system. The two
configurations~converged within the force requirement! re-
lax to slightly different atomic positions which differ b
5 meV. We therefore estimate the relaxation-imposed inac
racy of the binding energies to be approximately 5 meV.

The calculated binding energies~Fig. 2! show that for
single atom adsorption at coveragesQ<0.5 ~corresponding
to a single O atom in the 434, 232, and 132 surface unit
cells! the only stable on-surface adsorption site is the
hollow denoted as C1~Fig. 1!, and the binding energy of thi
site is significantly less than that of any of the subsurfa
sites. We findno single-adsorbant energy minimum near t
position where we would expect the other natural candid
the on-surface B2top site. Instead, when relaxing dilute s
tems with O in the B2top sites the surrounding Mg ato
move laterally by a small amount, enough to let the O-ato
sink into the subsurface B2~tetrahedral! site. Only if a pair
of O atoms are adsorbed as nearest neighbors, or at incre
O loading (Q>1), can one of the O atoms be stabilized
the surface in the B2top site. These results are in agreem
with the findings of Bungaroet al.16 as to subsurface adsorp
tion sites being more favorable than on-surface ones,
contradict their prediction of a stable on-surface B2top s
for low coverages. However, for coveragesQ,1 their
k-point sampling was limited to theG point only.

By extensive searches for subsurface adsorption sites
find that within the two top Mg layers the tetrahedral~B2,
A4, and A5! sites have higher binding energies than the
surface C1 and the subsurface octahedral C3 site for all
eragesQ<0.5 ~compare Fig. 2 and Table I!. Thus, in the
oxidation process the first O atom adsorbs in a subsur
site of type B2, its binding energy being only 0.09 eV a
0.15 eV higher~Fig. 2! than that of O in subsurface site A
and A5, respectively. The preference for the B2 site agr
with the results of Ref. 16, but we find a binding ener
0.15–0.47 eV larger at coverages 1/16<Q<1/2.

We checked the possibility of forming ionic complex
consisting of the Mg atoms of the topmost layer and subs
face and on-surface oxygen~which would represent a see
for further oxide formation!, by searching for the most pre
ferred sites for an O atom additional to the one preadsor
in a B2 site. As is evident from Table I, even at very lo
coverages, the addition of another O atom leads to an
creased O population in the B2 sites. The two~neighboring!
11543
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atoms in the B2 sites are by;0.03–0.04 eV more favored
than one atom in the B2 site and another one in either the
or A5 site.

In summary, we find the initial oxygen adsorption to be
subsurface process. A previously suggested preferential
sorption intoon-surfacesites for low O coverages,12 as is the
case for, e.g., oxygen adsorption on Al~111!,29 is not sup-
ported by our results.

B. Higher oxygen coverage„1ÏQÏ3 ML …

For 1 ML coverage, considering only single-site occup
tion, the energetic ordering of the most stable sites chan
~Fig. 2 and Table II!. The B2-type sites become less favo
able than the subsurface tetrahedral A4 site and the actua
site is shifted to the B2top position. However, allowing f
simultaneous occupancy of the B2 and B2top sites at 1
in the 132 unit cell ~Table II! we find that this combined
B-site structure is by 0.06 eV more favored than the sin
A4 occupancy shown in Fig. 2.

As more oxygen is adsorbed into the Mg surface the p
sible adsorbate configurations grow in number, partly due
simple combinatorics, and partly because new adsorp
sites appear within an increasingly distorted Mg backgrou
lattice. This is already apparent for nearest-neighbor ads
tion in the low-coverage region~Table I! where a slight ver-
tical distortion of the top Mg layer in some cases leads
adsorption in the B2top site and in a ‘‘mixed’’ B2-B2to
position. In Table II we name the 1 ML configurations by th
adsorbate position, but for higher coverages the notatio
merely an approximate description of the structure, and
refer the reader to Fig. 3 for a sketch of the multitude
similar but not identical configurations at coverages 2
ML’s.

TABLE I. The binding energyEadsper O atom for a double-site
O occupancy of different chemisorption sites~see Fig. 1! and for
different surface unit cells. Two O atoms in the 434 and 232
surface unit cells correspond to the coveragesQ51/8 and 1/2, re-
spectively. The exact vertical position of the sites B2 are dis
guished by ‘‘top’’ for a position~slightly! above the top Mg layer,
and ‘‘mix’’ for a position in which some of the top Mg atoms ar
above and some are below the oxygen atom, whereas B2 den
adsorption below all atoms of the top-most Mg layer. All pairs
sites are nearest neighbors.

Sites Eads ~eV!

1/8 ML coverage
B2 and B2 4.58
B2 and C3 4.28
B2 and A4 4.55
B2 and A5 4.54
B2top and B2 4.51

1/2 ML coverage
B2 and B2 4.64
B2mix and C3 4.26
B2mix and A4 4.51
B2 and A5 4.51
1-3
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The stable structures found in the 2 and 3 ML covera
region ~Table II! fall in two general classes: layered on
with O and Mg in buckled or flat layers of a hexagon
pattern @Fig. 3~a!–3~c!, and 3~e!#, and rocksalt structure
@Fig. 3~d!# on top of clean magnesium, strained with resp
to the clean-surface lattice constant. The layered struct
can be described as a Mg~0001! surface with slightly
changed atomic positions to accommodate O atoms wi
the top Mg layers. Each of the layers has a honeycomb st
ture with O at every second vertex and Mg at the remain
vertices. The layers are stacked in an AA8 stacking sequence
with O on top of Mg atoms andvice versaat a layer sepa-
ration of approximately 2.3–2.7 Å. The buckled structur
which involve subsurface oxygen only, are buckled up
down, depending on the oxygen atoms staggering ove
below the Mg layer, respectively. The vertical separation
O and Mg within a buckled layer@Fig. 3~a!–3~c!# is
'0.6 Å. The flat structures@Fig. 3~e!# have vertical O-Mg
separations of 0.01–0.06 Å and do not exist as subsur
layers. In these phases the top-most oxygen atom sits slig

TABLE II. The binding energyEads per O atom, work function
changeDF, and the experimental XPD reliability factorRMP in
different chemisorption sites for 1–3 ML oxygen coverage. F
calculations involving sites within the third Mg layer and below
~sites B7, B8, A10, and A11! one extra layer of relaxed Mg atom
was added to the slab, which then has totally 7 layers of Mg
which the four top-most layers are relaxed. This resulted in a sm
increase of theEads of the order of 5 meV but has not changed t
ordering of energies of the sites. Please refer to Fig. 3 for
naming of the 2–3 ML structures.

Sites Eads DF RMP RMP

~eV! ~eV! ~1.4 L! ~9.7 L!

1 ML, nearest neighbors
B2 and A5 4.76 20.64 0.41 0.30
B2mix and A4 4.72 20.62 0.34 0.37
B2top and C3 4.55 20.49 0.51 0.43

1 ML, one atom per unit cell
B2top and B2 4.90 20.46 0.46 0.46
A4 4.85 0.00 0.42 0.48
B2top 4.78 20.99 0.44 0.46
A5 4.74 0.11 0.53 0.42
C1 4.66 20.12 0.44 0.46
C3 4.56 0.62 0.56 0.51

2 ML
A4 1 B7 5.12 20.07 0.41 0.50
A5 1 B8 5.07 0.27 0.56 0.45
B2 1 A5 5.05 20.03 0.44 0.33
Rocksalt 2ML 4.96 0.72 0.54 0.45
Flat 2ML 4.93 21.14 0.29 0.36

3 ML
A4 1 B7 1 A10 5.22 0.04 0.45 0.50
A5 1 B8 1 A11 5.18 0.09 0.53 0.43
B2 1 A5 1 B8 5.17 0.04 0.46 0.35
Rocksalt 3ML 5.12 0.78 0.55 0.50
Flat 3ML 4.99 21.14 0.30 0.37
11543
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above the top Mg layer, corresponding approximately to
position of site B2top in Fig. 1. Again, we find~Fig. 3! that
subsurface layered structures are preferred. It is evident
with increased O coverage, the difference in binding energ
~Fig. 3! for the subsurface layered and rocksalt phases
diminishing, indicating that eventually, for still higher cove
age, the rocksalt structure may become the most favor
one. Note that for several other configurations with 2 ML
3 ML coverage of the tetrahedral adsorption sites~not listed
in Table II! no energy minimum is found. This includes an
flat subsurface structures, phases of mixed flat and buc
layers, and mixed buckled-up and buckled-down layers. F
ther, we also tested structures that include an octahedral~C3,
C6,C9! site in the 2 ML and 3 ML coverage range, but foun
binding energies per atom at least 0.3–0.4 eV smaller t
the energetically best structures at the same coverage, sim
to our low-coverage results~Fig. 2!.

Table II only presents the energetically most favor
structures of all the configurations calculated by us. Th
structures are close in binding energy and since in realit
system does not always find its minimum-energy configu
tion, due to kinetics, barriers, etc., we also calculated
corresponding work function for comparison with expe
ments ~Table II!. Originally, an experimentally observe
sharp work function decrease upon oxidation suggested
preference for subsurface adsorption at the Mg~0001!
surface.8 Previous local-density-approximation DF
calculations16 have shown that only oxygen incorporatio
into B2 sites lowers the work function, and for 1 ML loa
this lowering was found to be 0.3 eV, which is much smal
than measured experimentally. We do not find 1 ML adso
tion in the B2 sites, but by considering also the neighbor
B2top sites our results~Table II! confirm the lowering of the
work function, although with a larger value. Keeping in min
that the oxygen atoms show a tendency of clustering, hig
coverages than 1 ML should also be considered when c
paring to experimental measurements, even if the global c

r

f
ll

r

FIG. 3. Schematic plot of the 2–3 ML structures, cut along t
ABCAB line in Fig. 1, and their binding energies. Small gra
circles are Mg atoms, large white circles are O atoms. The das
circles indicate O atoms that are only included in the 3 ML stru
ture. The buckling of the Mg-O layers in~a!–~c! is exaggerated. For
the rocksalt structure only the 3 ML structure is shown, and
oxide structure is in brackets to indicate that the atoms are sh
out of the cut plane. The rocksalt structure has the atoms of the t
Mg layer, counted from the top, sitting on a bridge site of the fou
Mg layer. The structures are in order of decreasing binding ene
Eads.
1-4
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erage is small. We find from our calculations that in additi
to the 1 ML B2top structure, the flat 2 ML and 3 ML struc
tures also exhibit a work function change of about21 eV,
which agrees very well with the value found in rece
measurements.12 Thus, the work function results and bindin
energy calculations show that the flat 2 ML and 3 ML stru
tures are the ones found in physical reality.

It is generally expected that an adlayer of negative O i
will increase the metal-surface dipole layer and hence
work function. For example, this is clearly the case for ox
gen on the Al~111! surface.29 Our results suggest that on
surface oxygen on the Mg~0001! surface, either as 1 ML
B2top or as flat 2 ML or 3 ML structures, leads to a decre
in the work function consistent with experiment
observations.12 On the other hand, neither the 1 ML B2to
sites nor the flat 2 ML or 3 ML structures are the energe
cally most favorable at the given coverages. Binding ene
considerations show the combined B2 and B2top structur
be more favorable at 1 ML, with a smaller work functio
change, and subsurface structures to be more favorable
ML and 3 ML, with small negative or even slightly positiv
work function changes. In Ref. 16 it was suggested tha
sufficiently high-energy barrier for moving an O atom fro
the surface and into the subsurface sites might require th
atoms to stay on the surface instead of adsorbing into
energetically more favorable subsurface sites. We tested
suggestion by calculating the energy barrier from the B2
site to the A4 site at 1 ML coverage and found the barr
height to be 0.35 eV per O atom. This is enough to prev
an O atom from moving to a more favored site at the l
~zero! temperature of the DFT calculations but is not su
cient to keep the O atoms on surface at macroscopic t
scales at room temperature.

At low coverage the only on-surface sites are the fcc h
lows ~C1!, but also the lower-lying subsurface B2 sites a
exposed to O atoms arriving at the surface. Thus, we con
ture that an O-atom arriving at the surface will find the B
site having a higher binding energy than the C1 site and
immediately diffuse to the former. The B2 sites are m
favorable up to 0.5 ML coverage~Fig. 2!. With growing O
coverage the energetic situation changes and the deepe
rahedral sites become more favorable. As we have seen
energy barrier to overcome is not enough at room temp
ture to stop the diffusion of O atoms into the surface, a
thus energy arguments predict subsurface adsorption. It i
to discussion why the work function change calculations, a
to some extent our XPD experiments presented in Sec.
favor the metastable on-surface occupation~with additional
O atoms in subsurface sites!. However, both our energy con
siderations, our work function calculations, and as sho
later our XPD experiments very clearly exclude any pos
bility of a rocksalt surface structure and point to layer
structures at 2–3 ML coverage.

Figure 4 displays an interesting comparison of the el
tron charge redistribution for three of the 2 ML structure
Whereas the rocksalt structure@Fig. 4~b!# has an almost iso
tropic charge distribution around each atom, as is typical
ionic binding, the two layered structures show a more co
plicated, anisotropic picture. The flat layered structure@Fig.
11543
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4~c!# shows most clearly a directional bonding, with mo
charge redistribution along the in-plane nearest-neigh
Mg-O lines than in other directions.

Island formation. It was shown previously4 that oxygen
atoms adsorbed in the Mg~0001! surface form dense cluster
in tetragonal subsurface sites. In the present investigation
find that the O atoms show a tendency for island format
by pairing up in combinations with subsurface sites. Figur
and Table I show that the higher the coverage, the larger
binding energy of the lower-lying sites~sites A4 and A5!. In
general, the binding energy is higher in more close-pac
systems, thus showing that clusters or islands of O atoms
preferred to isolated or pairs of O atoms.

The preference for subsurface island formation in tetra
dral A4, or lower, sites agrees with theoretic
simulations.4,16 A new feature not observed in Ref. 16 is th
appearance of the on-surface O islands for 1 ML covera
We also note that the binding-energy differences for oxyg
in different sites are relatively small forQ51. The tendency
to form islands continues with further increase of covera
showing some quenching in the binding energy at 3 M
coverage, in agreement with Ref. 4.

III. EXPERIMENTS

To supplement the DFT calculations and to provide a r
erence ground we have also carried out XPD measurem
of the clean Mg~0001! surface and after low dosing of oxy
gen.

A. Method

XPD has been chosen because of its chemical sensit
and its sensitivity to local real space order. It is a power
technique for surface structural investigations,30 and it has

FIG. 4. The electron charge redistribution due to the presenc
the O atoms. Shown are the three 2 ML structures that hav

atoms closest to the surface, cut in the@21̄1̄0# direction perpen-
dicular ~top panels! and parallel to the surface~bottom panels!.
Atomic positions are indicated by white~O! and black~Mg! dots.
The change in electron density distribution isDn(r )5nMg1O(r )
2nMg(r )2nO(r ) wherenMg1O is the electron density for the ful
system,nMg the electron density in the absence of O atoms, andnO

the atomic O charge density. A negative/positiveDn corresponds to
a depletion/accumulation of electrons~in units of e/Å 3).
1-5
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ELSEBETH SCHRO¨ DER, ROMAN FASEL, AND ADAM KIEJNA PHYSICAL REVIEW B 69, 115431 ~2004!
been shown that full-hemispherical XPD patterns prov
very direct information about the near-surface structure.
photoelectron kinetic energies above about 500 eV,
strongly anisotropic scattering by the ion cores leads t
forward focusing of the electron flux along the emitte
scatterer axis. The photoelectron angular distribution, th
fore, is to a first approximation a forward-projected image
the atomic structure around the photoemitters. Analysis
the symmetry and positions of forward-focusing maxim
thus permits a very straightforward structural interpretat
of XPD data. Furthermore, detailed structural parameters
be determined by comparing the experimental XPD patte
to calculated ones. The relatively simple and efficient sing
scattering cluster~SSC! formalism30 has proven adequate i
most cases. The agreement between SSC calculations
experimental XPD pattern can be quantified using a relia
ity factor such as theR factor RMP defined previously.31,32

The experiments have been performed in the Univer
of Fribourg’s VG ESCALAB Mk II spectrometer modified
for motorized sequential angle-scanning data acquisit
Clean Mg~0001! surfaces have been prepared by cycles
sputtering~500 eV Ar1) and annealing (130 °C). Before O2
exposure, the surface displayed a sharp (131) LEED pat-
tern with little background. After O2 exposure with the
sample held at room temperature, the coverage was d
mined from the relative intensities of the O 1s and Mg 2p
photoelectron peaks. Experimental O 1s XPD patterns were
obtained after exposure of the Mg~0001! surface to 0.15, 0.7
1.4, and 9.7 L of O2, corresponding toglobal O coverages of
0.1, 0.4, 1, and 1.7 ML, respectively.

B. Oxygen adsorbed at Mg„0001…

The Mg~0001! surface with various coverages of oxyge
atoms was studied with LEED and XPD. Experimental XP
patterns for O2 doses of 0.15 and 9.7 L are shown in Fig.
The most prominent feature of the 0.15 L pattern is a stro
intensity maximum at normal emission. This observation i
clear and direct evidence for O adsorption below the topm
Mg layer: Only an atom located directly above the oxyg
photoelectron emitter can give rise to a forward-focus
maximum at normal emission, i.e., in the center of the plo
further conclusion can immediately be drawn from the e
lution of the XPD pattern with O2 exposure. Apart from dif-
ferences due to counting statistics, the experimental X
patterns are strikingly similar, not only regarding the inte
sity maximum at normal emission but regarding all t
prominent diffraction features. It must therefore be co
cluded that the local atomic geometry is the same over
entire exposure range.

The same conclusion is obtained from the evolution of
LEED pattern with increasing O2 exposure: The LEED pat
tern stays (131), and only the background rises slightl
which indicates an increasing amount of disorder with
creasing coverage. Since no superstructures are observe
presence of any other islands than islands of (131) period-
icity that are larger than about 50–100 Å can therefore
excluded.
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In other words, both the LEED and XPD measureme
indicate that locally the geometry is the same irrespective
the global coverage~at least below 1.7 ML!. Already at 0.1
ML global coverage this local structure thus contains at le
1 ML oxygen, and with increasing coverage it will grow i
domain size without significant changes in geometrical str
ture. Therefore, determining the local geometrical struct
at 1 ML local coverage will determine the geometries even
the lowest global coverages accessible to the experimen

In the further analysis we compare simulated SSC diffr
tion pattern to experimental XPD images of the Mg~0001!
surface both with dosing 1.4 L~approx. 1 ML global cover-
age! and 9.7 L ('1.7 ML global coverage!.

IV. COMPARISON BETWEEN EXPERIMENT AND
THEORY

The O/Mg~0001! system does not simply form
MgO~111! rocksalt structure as is clearly seen by compar
a simulated diffraction pattern for MgO~111! @Fig. 5~c!# to
the experimental 9.7 L XPD pattern shown in Fig. 5~b!: The
simulation does not reproduce any of the diffraction featu
satisfactorily. Therefore, the most relevant atomic structu
as determined by the DFT calculations, were used to sim
late XPD patterns by means of SSC calculations. The res
ing SSC calculations were compared to the experimental
L and 9.7 L XPD patterns, the latter of which is shown
Fig. 5~b!.

FIG. 5. Experimental O 1s XPD patterns after exposures of th
Mg~0001! surface to~a! 0.15 L and~b! 9.7 L of oxygen.~c! SSC
calculation for the MgO~111! rocksalt structure.~d! SSC calculation
for the 2 ML layered oxide structure~‘‘Flat 2 ML’’ ! yielding best
agreement with the experimental 1.4 L XPD pattern.
1-6
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O ADSORPTION AND INCIPIENT OXIDATION OF THE . . . PHYSICAL REVIEW B 69, 115431 ~2004!
None of the SSC calculations for an oxygen atom in
isolated site gave satisfactory agreement with experim
The calculations, however, confirm the conclusion dra
from the experimental patterns that one oxygen atom is
sorbed directly below a Mg atom: Only the simulations f
oxygen in the A4 and A5 sites exhibit the characteristic
tensity maximum at normal emission that is seen in exp
ment @Figs. 5~a! and 5~b!#. The fact that the experimenta
XPD patterns do not agree with simulated diffracti
patterns of disperse, low local coverages even for low ov
all coverage in the experiment is consistent with the LE
measurements discussed above, indicating again that
oxygen will form island with a local coverage of 1 ML o
more. Accordingly, further SSC calculations concentra
on the atomic positions obtained from DFT calculatio
using a 131 surface cell.

Among the simulated diffraction patterns for 1 ML loc
coverage again only the site A4 and the site A5 SSC ca
lations exhibit a central maximum. In contrast, the SSC c
culations for each of the C3, B2top, and C1 sites~leaving all
other sites empty! do not show such maximum. This mea
that the comparison between SSC calculations and exp
mental XPD patterns disqualifies the site B2top-only oc
pation at 1 ML local coverage, in agreement with the the
retical binding energy being smaller for B2top than for A4
1 ML coverage. Along with the binding energy obtaine
from the DFT calculations the comparison to the XPD p
terns also rules out octahedral subsurface~site C3! occupa-
tion.

Consequently, SSC calculations were also performed
the atomic positions obtained from DFT calculations cons
ering 2 ML and 3 ML coverage. In Table II we summariz
the 1 ML, 2 ML, and 3 ML local coverage SSC simulatio
@one to three O atoms per (131) cell# by listing their reli-
ability factors with respect to the 1.4 L and 9.7 L exposu
XPD data. Best agreements between experiment and
calculations~lowest reliability factors! are found for the lay-
ered structures ‘‘B2mix and A4’’ and ‘‘B2 and A5’’ at 1 ML
local coverage, ‘‘Flat 2 ML’’@Fig. 5~d!# and ‘‘B2 1 A5’’ at 2
ML local coverage, and ‘‘Flat 3 ML’’ and ‘‘B21 A5 1 B8’’
for 3 ML local coverage. These results are consistent w
the work function changes discussed above.

The general trend is that the rocksalt structures~2 ML and
3 ML! do not agree very well with the experimental XP
patterns~high values ofRMP), whereas some of the layere
structures agree better. In particular we notice that among
2 ML structures the flat structure~‘‘Flat 2 ML’’ ! has the best
agreement with the 1.4 L experiment, whereas one of
buckled layer structures~‘‘B2 1 A5’’ ! fits best to the 9.7 L
experiment. This indicates that as the global coverage is
creased by higher O2 dosing, more of the surface becom
covered with buckled Mg and O layers and less with the
surface.

For the 1.4 L dosing experiment the flat surface is
vored, in disagreement with the DFT binding energy resu
but in agreement with the calculated work function chan
1.4 L dosing corresponds to;1 ML of global coverage, but
since the distribution of oxygen is nonuniform due to t
tendency of the atoms to form islands the experiment
11543
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observed surface is patched. For small surface oxide pat
of 2 ML’s ~or more! local oxygen coverage the strain can g
released over most of the island and thus, experiment
mostly the flat structure is seen at low dosing. This give
low RMP value for the flat structure, but still keeps the ord
of the buckled and rocksalt structure found in DFT calcu
tions: buckled is also at 1.4 L more favored experimenta
than rocksalt. Thus, the relevant dosing~among the measure
ones! to use for comparing DFT and the XPD experimen
structures is 9.7 L. This structure probably does not fu
cover the surface~if clusters are at least 2 ML dense!, but
certainly does so to a larger extent than for dosing 1.4 L.
dosing 9.7 L the DFT calculations and the XPD experime
agree on the buckled surface.

Based on both the calculated and experimental struct
discussed above we conclude that at relatively low dos
~corresponding to 2–3 ML coverage! O/Mg~0001! forms the
layered oxide structure. The rocksalt structure typical
MgO starts to grow only at higher O dosing.

V. SUMMARY AND CONCLUSIONS

We have performed extended first-principles calculatio
of oxygen adsorption and of the initial stages of Mg~0001!
oxidation. A variety of configurations and a wide range
coverages were considered in order to determine the m
stable structures. These were compared with x-ray photoe
tron diffraction experiment and simulations. At low cove
ages (Q<0.5 ML) both our DFT calculations and exper
ment show that oxygen adsorbs in subsurface sites. Our
calculations show that the first O atom chemisorbed in
oxidation process binds in a subsurface tetrahedral site o
B2 type. At higher coverage O adsorbed in subsurface te
hedral sites shows a tendency to form subsurface isla
resulting in an increased binding energy. For the 2 ML~3
ML ! coverages we find some rather unanticipated surf
oxide structures, consisting of two~three! mixed oxygen-
magnesium layers on top of an almost undistorted Mg~0001!
surface. These layered oxide structures have hexagonal
metry and can be flat or buckled. We find that the rocks
structure can be excluded at 2–3 ML coverage, both by bi
ing energy arguments and by comparison to our XPD exp
ments. However, our DFT results also show that the rock
structure may become energetically competitive at an
creased coverage.
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